The light receptor and its mode of operation were studied in photosensitive oospores of Nitella furcata subsp. megacarpa (Allen emend. Wood). Brief pulses of light activated maximal germination of post-secondary dormant oospores removed from lake sediments. Fluence response data at 12 wavelengths were used to construct an action spectrum for germination. The shape of the action spectrum with its maximum at 669 nm provides evidence for the involvement of phytochrome. Germination was induced with photon fluences that established as little as 0.01% of the phytochrome in the far red-absorbing form, which suggests that phytochrome was operating in the very low-fluence response mode. The functioning of phytochrome in the very low-fluence response mode in Nitella is similar to that in higher plants.
turity but become photosensitive following stratification (23, 25) . Light is required to activate germination following the refractory phase of dormancy. Following the first winter of dormancy, post-primary dormant oospores require multiple cycles of a full photophase to trigger germination (23) . By contrast, following burial in sediments for two or more winters of dormancy, post-secondary dormant oospores are activated by a brief pulse of light, as shown for the one species (Nitella furcata) examined (23, 24) .
In this paper, we identify the photoreceptor mediating germination of post-secondary dormant oospores of N. furcata. Fluence-response curves were determined that allowed us to calculate an action spectrum and to quantify the sensitivity of the photoresponse.
Light reactivates nondormant plant propagules and restores the life cycle to its active phase. For most seeds and spores, light-dependent germination is regulated by the photoreversible chromoprotein phytochrome. Phytochrome triggers germination in response to photon fluences that establish a relatively high level of Pfr. Most seeds and spores, including the lettuce seed of the original studies by Borthwick et al. (4) , are activated by brief exposures to R2 with low fluences in the range of 1 to 1000 umol m-2, which may be reversed by exposure to FR light (15) .
Recent studies have identified photoresponse magnitudes more sensitive to R than the LFR. The VLFRs (3, 17) 
MATERIALS AND METHODS Plant Material and Germination Conditions
Oospores of Nitella furcata subsp. megacarpa (Allen emend. Wood) were collected from the sediments of Smith Bay, Lake George, NY, in early spring when the 'germination window' is open (24) . Sediments were collected at night with an Ekman grab and passed through a series of sieves (US Standard Nos. 8 and 25) with the oospores being retained on the finest mesh (No. 50). The retentate was refined by panning to remove fine organic debris and empty oospore cases. This concentrate was transported on ice to dark storage at 40C in the laboratory. Strict dark conditions were maintained throughout collection, handling, and storage of the oospores. Standardized germination procedures were used to incubate the oospores in 112-mL glass jars or shell vials (20 x (25 ,mol m-2) , the control set of oospores gave a mean germination of 92% (Table II) . The same red light exposure in three other treatments was followed immediately by exposure to 730 nm (6.0 ,umol m-2 s-1) for durations of 60, 180, or 300 s. Average germination after these treatments ranged from 81 to 89% and was not significantly different from the 669-nm irradiated control (Table II) . A similar set of experiments in which 760-nm light was used also failed to show photoreversibility. Irradiation with 760 nm alone (57 Table I ,umol m-2) induced germination above the dark control (data not shown). The incidence of germination was dependent upon photon fluence rather than photon fluence rate or exposure duration individually. Reciprocity of fluence rate and exposure duration were confirmed at 538 nm (Table III) . Equivalent germination was elicited by equal photon fluences whether oospores were exposed for 40, 160, or 400 s.
Germination was proportional to the applied fluence at each of 12 wavelengths. A linear regression was obtained when the probit of germination (in percentage) was plotted as a function of the logarithm of the photon fluence (Fig. 2) . The slopes ranged from 0.9 at 420 nm to 2.0 at 730 nm, with an average slope of 1.3. Similarity of slopes suggests the functioning of a single photoreceptor (9) .
The action spectrum analysis, based on fluence-response curves at 12 wavelengths, clearly shows maximum sensitivity in the red between 651 and 669 nm (Fig. 3) . The most effective wavelength was 669 nm, and the least effective wavelength was 760 nm. Sensitivity diminished sharply at wavelengths longer and shorter than 669 nm. The F50 ranged from 0.35 Pmol m-2 at 669 nm to 1432.2 Lmol m-2 at 760 nm. A secondary action peak is suggested at 420 nm, which emerges in a plot of the absolute quantum effectiveness (Fig.  3) . Approximately 40-fold more photons are required for equivalent activation at the secondary peak. The action spectrum resembles the absorption spectrum for Pr and the action spectra for other phytochrome-mediated responses (15) .
Maximum germination was induced when a calculated 5% of phytochrome was in the Pfr form, based on the photochemical parameters of oat phytochrome (13; Fig. 4 ). The proportion of active phytochrome established by the different fluences in the wavelength range from 538 and 711 nm was calculated from Equation 2 . Germination of N. furcata oos- pores shows a strong positive correlation with the logarithm of the calculated percentage of Pfr (R2 = 0.86; Fig. 4 ). The linearity of the reaction indicates that only phytochrome is involved in activation. This relationship also quantifies the extreme sensitivity of germination to light. Germination of oospores may be induced with as little as 0.01% of active (Pfr) phytochrome (Fig. 4) .
DISCUSSION
Phytochrome mediates the germination of post-secondary dormant oospores of N. furcata. The action spectrum, the first constructed for a charophyte, resembles published action spectra for the germination of seeds (22) and fern spores (1, 28) , as well as for other phytochrome-mediated responses in higher plants (15) . Maximum sensitivity was found at 669 nm and gave no evidence of a shift to a shorter wavelength as described for the green alga Mesotaenium (14, 27) . A suggested secondary peak in the blue near 420 nm is also similar to the absorption spectrum of phytochrome purified from higher plants (13) .
Sensitivity of the oospores to light approaches some of the I most sensitive phytochrome responses described in the literature (7, 17) . Oospore sensitivity is exemplified by a germination of approximately 50% with exposure to 0.3 ,umol m-2 of red (669 nm) light. The majority of the oospores were induced to germinate when exposed to pulses of monochromatic light, which established 0.01 to 5% Pfr. Fluence-response curves for the germination of some sensitive seeds show two phases. One proportion of the population germinates when very low fluences establish 0.001 to 0.1% Pfr (VLFR) and a second when low fluences establish 1 to 86% Pfr (LFR; 6, 15). Based on the minimum sensitivity for the VLFR, approximately 40% of the germinating oospores are in the VLFR state.
Germination was not R/FR reversible and could be activated by exposure to FR alone. Activation by exposure to FR (730 nm) is consistent with the VLFR mode of phytochrome function in seeds (18) . Activation is attributed to the effectiveness of the very low levels of Pfr/PotO (approximately 2%)
established by the FR pulse (29) . The lack of R/FR reversibility is also consistent with the VLFR, because the percentage of Pfr established by the subsequent FR pulse is sufficient to promote germination in these oospores. Three criteria, the action spectrum, ultrasensitivity, and lack of photoreversibility, identify phytochrome, operating in the VLFR mode, as the only photoreceptor mediating germination of post-secondary dormant oospores of N. furcata.
The degree to which the action spectrum resembles the absorption characteristics of the photoreceptor depends strongly on the environment that surrounds the photoreceptor. The presence of masking pigment in the sporostine layer of the oospore wall may account for the reduced efficiency of blue wavelengths. Photoactivation efficiency at 420 nm was 2.5% that at 669 nm. This compares with an estimated efficiency of 5.0% in purified phytochrome (Mancinelli [16] from the data of Kelly and Lagarias [13] ). Dyck (ref. 8 and unpublished data) showed selective absorption in the blue, both in pigment extract and by direct spectroscopy, in oospores from three Chara species. Although not as heavily pigmented, the reddish-orange oospore wall of N. furcata is expected to absorb heavily in the blue. The attenuation of blue light by the seed coat of lettuce (Lactuca sativa) was implicated to be partially responsible for the relative ineffectiveness of blue light in triggering germination (31) .
Critical transition stages in the life cycles of charophytes are controlled by the light environment. The transition from dormant oospores to actively developing protonema is one such stage. The VLFR mode of phytochrome described above is not universal in this activation process. The species N. furcata, an annual found in the shallow zone of deep-water charophyte meadows (12) , regenerates each year from oospores. Following a winter of afterripening, the oospores emerging from primary dormancy require multiple LD photocycles for activation (23) , as do clones of Chara zeylanica and Chara haitensis with primary dormancies (R.G. Stross, unpublished) . Other studies show photoactivation in the LFR with classical R/FR photoreversibility (26) . The mechanism by which some propagules may be activated at very low percentages of Pfr is still not understood. Sensitization has been obtained in the laboratory by pretreatments such as low temperature (30) , incubation at high temperatures (6) , or exposure to ethanol (29) or treatments with the plant growth substance GA3 (7, 18) . Another plant growth substance, auxin, was shown to induce a VLFR in etiolated sections of oat coleoptiles (20) .
Burial of N. furcata oospores in sediments may be responsible for their extreme light sensitivity. The VLFR mode in seeds has also been associated with manual burial in soil (2). Scopel et al. (19) also reported a dramatic increase in the light sensitivity of seeds of Datura fox following burial in soil. The VLFR may be responsible for initiating germination of buried seeds that receive a brief light exposure during soil cultivation (10) . Although the extreme sensitivity reported here applies to the laboratory, where the oospores were moved to an optimal temperature of 180C after exposure to light, a similar response is expected to apply under field conditions, as with terrestrial seeds (10, 19) .
We have shown that oospore germination in N. furcata is mediated by phytochrome. A proportion of the oospore population is very sensitive to light and can be triggered to germinate by Pfr levels in the VLFR range. The VLFR is associated with post-secondary dormant oospores removed from burial in lake sediments. Our results reveal that both the spectral characteristics and operational mode of the photoreceptor are similar to those of phytochrome found in higher plants. LITERATURE CITED 
